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LIGHT-RECEIVING ELEMENT, MANUFACTURING METHOD FOR THE SAME, 
OPTICAL MODULE, AND OPTICAL TRANSMITTING DEVICE 

BACKGROUND OF THE INVENTION 

1. Field of Invention 

[0001] The present invention relates to a light-receiving element and its 
manufacturing method, and an optical module and an optical transmitting device including 
the light-receiving element. 

2. Description of Related Art 

[0002] A light-receiving element is an element to receive light and converting the 
light into electricity, which is used for optical commxmication and optical operation, for 
example. In some of these applications, the need to control optical properties, such as 
radiation angle and wavelength of light, arises. In addition, in recent years, when a light- 
receiving element is applied to optical communication, higher-speed operation has been 
required for the light-receiving element. 

SUMMARY OF THE INVENTION 

[0003] The present invention provides a light-receiving element capable of high- 
speed operation including an optical element whose setting position, shape, and size are 
controlled, and its manufacturing method. 

[0004] The present invention also provides an optical module and an optical 
transmitting device including the light-receiving element 

[0005] A first light-receiving element according to the present invention includes: a 
base member provided over a light-receiving surface; and an optical element provided on the 
top surface of the base member. 

[0006] The "optical element" refers to a member having a function of changing 
optical properties and a traveling direction of light entering the light-receiving surface of the 
light-receiving element. The "optical properties" include wavelength, polarization, and 
radiation angle, for example. As such an optical element, a lens or polarizing element is an 
example. 

[0007] The "base member" refers to a member having a top surface on which the 
optical element is set. Hence, the "top surface of the base member" refers to the surface on 
which the optical element is set. The top surface of the base member may be either plane or 
curved, provided that the optical element is set thereon. 
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[0008] The base member may be set directly on the light-receiving surface of the 
light-receiving element, or may be set over the light-receiving surface with another layer 
interposed. In the latter case, the another layer can, for example, be an anti-reflective layer, 
which has the function of reducing or preventing reflection of light on the light-receiving 
surface. 

[0009] According to the first light-receiving element of an aspect of the present 
invention, by having the above-described structure, the light-receiving element capable of 
high-speed operation including the optical element whose setting position, shape, and size are 
advantageously controlled can be obtained. 

[0010] According to one aspect of the present invention, the base member is 
composed of a material that allows light of a predetermined wavelength to pass. The "pass" 
refers to the light that enters the base member and subsequently emerging from the base 
member, and includes not only the case where all of the light entering the base member 
emerges from the base member, but also the case where only a part of the light entering the 
base member emerges from the base member. 

[0011] According to an aspect of the present invention, the optical element can 
ftinction as a lens or polarizing element. 

[0012] According to an aspect of the present invention, the optical element can have 
a spherical shape or elliptical spherical shape. 

[0013] According to an aspect of the present invention, the optical element can have 
a cut spherical shape or cut elliptical spherical shape. The "cut spherical shape" refers to a 
shape obtained by cutting a sphere in a plane, and the spherical shape includes not only a 
complete sphere but also an approximate sphere. In addition, the "cut elliptical spherical 
shape" refers to a shape obtained by cutting an elliptical sphere in a plane, and the elliptical 
spherical shape includes not only a complete elliptical sphere but also an approximate 
elliptical sphere. 

[0014] In this case, a cross section of the optical element is circular or elliptical. 
Furthermore, in this case, a function as a lens or polarizing element is applied to the optical 
element. 

[0015] According to an aspect of the present invention, the top surface of the 
columnar part is circular or elliptical. 

[0016] According to an aspect of the present invention, a sealing agent can be 
formed so as to, at least, partially cover the optical element. 
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[0017] According to an aspect of the present invention, the top surface of the base 
member is curved. 

[0018] According to an aspect of the present invention, the angle, formed between 
the top surface of the base member and the surface of side wall of the base member that 
contact the top surface, can be acute. Such a structure can reduce or prevent the side wall of 
the base member from getting wet by droplets during the step of discharging droplets to form 
the optical element precursor and the subsequent curing of the optical element precursor to 
form the optical element. As a result, an optical element of the preferred shape and size can 
be obtained reliably. 

[0019] According to an aspect of the present invention, the upper portion of the base 
member can be formed into an inverse taper. The "upper portion of the base member" refers 
to the region of the base member that is close to the its top surface. Such a structure can 
preserve the stability of the base member during the step of discharging droplets to form the 
optical element precursor and the subsequent curing of the optical element precursor to form 
the optical element, and at the same time allows the angle formed, between the top surface of 
the base member and the side wall the of the base member, to be made even smaller. This 
will reduce or prevent the side wall of the base member from getting wet by the droplet. As a 
result, an optical element of the preferred shape and size can be obtained. 

[0020] According to an aspect of the present invention, the light-receiving element 
is a photodiode. 

[0021] According to an aspect of the present invention, the columnar part can 
include a first conductive type layer, a light-absorbing layer, and a second conductive type 
layer, and the light-absorbing layer being formed between the first conductive type layer and 
the second conductive type layer. 

[0022] According to an aspect of the present invention, the base member can 
function as an anti-reflective layer. 

[0023] According to an aspect of the present invention, the base member is 
composed of a semiconductor layer. 

[0024] According to an aspect of the present invention, the base member is 
composed of an insulating material, which is silicon oxide or silicon nitride. 

[0025] A second light-receiving element of an aspect of the present invention 
include a columnar part provided on a semiconductor substrate; a light-receiving surface 



provided on the top surface of the columnar part; a base member provided over the light- 
receiving surface; and an optical element provided on the top surface of the base member. 

[0026] According to the second light-receiving element of an aspect of the present 
invention, the same actions and effects can be performed as in the first light-receiving 
element. 

[0027] A third light-receiving element of an aspect of the present invention includes 
a columnar part provided on a semiconductor substrate; a light-receiving surface provided on 
the back surface of the semiconductor substrate; a base member provided over the light- 
receiving surface; and an optical element provided on the top surface of the base member. 

[0028] According to the third light-receiving element of an aspect of the present 
invention, the same actions and effects can be performed as in the first light-receiving 
element. 

[0029] A light-receiving element manufacturing method of an aspect of the present 
invention includes: a) forming a base member over a light-receiving surface; (b) forming an 
optical element precursor by discharging droplet onto the top surface of the base member; 
and (c) forming an optical element by curing the optical element precursor. 

[0030] According to the manufacturing method of the light receiving element of an 
aspect of the present invention, in the step (a), the base member is formed with the shape of 
its top surface, its height and its setting position adjusted, while in the step (b), by adjusting 
the discharging amount of droplet, the light-receiving element, which is capable of high-speed 
operation including the optical element whose setting position, shape and size are 
advantageously controlled, can be provided. 

[0031] According to an aspect of the present invention, in the step (a), the base 
member is formed from a material that allows light of a predetermined wavelength to pass. 
The "pass" means that after light enters the base member, the light exits the base member, 
and includes not only the case where all of the light entering the base member exits from the 
base member, but also the case where only a part of the light entering the base member exits 
from the base member. 

[0032] According to an aspect of the present invention, in the step (a), the base 
member is formed so that the angle, formed between the top surface of the base member and 
the surface of the side wall of the base member that contacts the top surface of the base 
member, is acute. This will reduce or prevent the side wall of the base member from getting 
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wet by droplets during the step (b). As a result, an optical element with the preferred shape 
and size is formed reliably. 

[0033] According to an aspect of the present invention, in the step (a), the upper 
portion of the base member is formed into an inverse taper. This will preserve the stability of 
the base member and at the same time permit the angle, formed between the top surface and 
the side wall of the base member, to be made even smaller, which will reduce or prevent the 
side wall of the base member from getting wet by the droplets during the step (b). As a result, 
an optical element with the preferred shape and size can be formed more reliably. 

[0034] According to an aspect of the present invention, the method can further 
include a step (d) adjusting the wettability of the top surface of the base member with respect 
to the droplet, prior to the step (b). This will allow the formation of an optical element with 
the preferred shape and size. In the step (d), the wettability of the top surface of the base 
member with respect to the droplet can be controlled, for example, by forming a lyophilic or 
liquid-repellent film with respect to the droplet on the top surface of the base member. 

[0035] According to an aspect of the present invention, the method can further 
include a step (e) covering, at least, a part of the optical element with a sealing agent. 

[0036] An aspect of the present invention can be applied to an optical module 
including the light-receiving element according to an aspect of the present invention and a 
light guide. Furthermore, an jispect of the present invention can be applied to an optical 
transmitting device including the optical module. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0037] FIG. 1 is a schematic cross sectional view of the light-receiving element in a 
first exemplary embodiment of the present invention; 

[0038] FIG. 2 is a schematic plan view of the light-receiving element in the first 
exemplary embodiment of the present invention; 

[0039] FIG. 3 is a schematic cross sectional view of a step in the manufacturing of 
the light-receiving element shown in FIGs. 1 and 2; 

[0040] FIG. 4 is a schematic cross sectional view of a step in the manufacturing of 
the light-receiving element shown in FIGs. 1 and 2; 

[0041] FIG. 5 is a schematic cross sectional view of a step in the manufacturing of 
the light-receiving element shown in FIGs. 1 and 2; 

[0042] FIG. 6 is a schematic cross sectional view of a step in the manufacturing of 
the light-receiving element shown in FIGs. 1 and 2; 
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[0043] FIG. 7 is a schematic cross sectional view of a step in the manufacturing of 
the light-receiving element shown in FIGs. 1 and 2; 

[0044] FIG. 8 is a schematic cross sectional view of a step in the manufacturing of 
the light-receiving element shown in FIGs. 1 and 2; 

[0045] FIG. 9 is a schematic cross sectional view of a step in the manufacturing of 
the light-receiving element shown in FIGs. 1 and 2; 

[0046] FIG. 10 is a schematic cross sectional view of a step in the manufacturing of 
the light-receiving element shown in FIGs. 1 and 2; 

[0047] FIG. 1 1 is a schematic cross sectional view of a modification of the light- 
receiving element shown in FIGs. 1 and 2; 

[0048] FIG. 12 is a schematic cross sectional view of another modification of the 
light-receiving element shown in FIGs. 1 and 2; 

[0049] FIG. 13 is a schematic cross sectional view of the light-receiving element in 
a second exemplary embodiment of the present invention; 

[0050] FIG. 14 is a schematic cross sectional view of the light-receiving element in 
a third exemplary embodiment of the present invention; 

[0051] FIG. 15 is a schematic cross sectional view of the light-receiving element in 
a fourth exemplary embodiment of the present invention; 

[0052] FIG. 16 is a schematic cross sectional view of a step in the manufacturing of 
the light-receiving element shown in FIG. 15; 

[0053] FIG. 1 7 is a schematic cross sectional view of a step in the manufacturing of 
the light-receiving element shown in FIG. 15; 

[0054] FIG. 18 is a schematic cross sectional view of a step in the manufacturing of 
the light-receiving element shown in FIG. 15; 

[0055] FIG. 19 is a schematic cross sectional view of a step in the manufacturing of 
the light-receiving element shown in FIG. 15; 

[0056] FIG. 20 is a schematic cross sectional view of a step in the manufacturing of 
the light-receiving element shown in FIG. 15; 

[0057] FIG. 21 is a schematic cross sectional view of the light-receiving element in 
a fifth exemplary embodiment of the present invention; 

[0058] FIG. 22 is a schematic cross sectional view of the light-receiving element in 
a sixth exemplary embodiment of the present invention; 
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[0059] FIG. 23 is a schematic cross sectional view of the light-receiving element in 
a seventh exemplary embodiment of the present invention; 

[0060] FIG. 24 is a schematic plan view of the light-receiving element in the 
seventh exemplary embodiment of the present invention; 

[0061] FIG. 25 is a schematic view of the optical module relating to a eighth 
exemplary embodiment of the present invention; 

[0062] FIG. 26 is a schematic illustration of the optical transmitting device relating 
to the eighth exemplary embodiment of the present invention; 

[0063] FIG. 27 is an another schematic illustration of the optical transmitting device 
relating to the eighth exemplary embodiment of the present invention; 

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS 

[0064] Hereinafter, the preferred exemplary embodiments of the present invention 
will be described referring to the accompanying figures. 

[0065] First Exemplary Embodiment 

[0066] L Structure of the light-receiving element 

[0067] FIG. 1 is a schematic cross sectional view showing a light-receiving element 
100 according to a first exemplary embodiment of the present invention. FIG. 2 is a 
schematic plan view showing the light-receiving element 100 according to the first exemplary 
embodiment of the present invention. FIG. 1 shows a cross section taken along the plane A- 
A of FIG. 2. As for the exemplary embodiment, the case where the light-receiving element 
ICQ is a photodiode will be described. 

[0068] As shown in FIG. 1, the light-receiving element ICQ includes a Hght- 
receiving surface 108, a base member 110 provided over the light-receiving surface 108, and 
an optical element 111 provided on a top surface 1 10a of the base member 110. 

[0069] As for the light-receiving element 100 of the present exemplary 
embodiment, light enters through the light-receiving surface 108, which is provided on a top 
surface 130a of a columnar part 130 formed on a semiconductor substrate 101. Thus, the top 
surface 130a of the columnar part 130 includes the light-receiving surface 108. More 
specifically, on the top surface 130a of the columnar part 130, a portion (opening 1 14), which 
is not covered by a first electrode 107 (described below), is provided, and the light-receiving 
surface 108 is provided within the opening 114. 
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[0070] Furthermore, as for the exemplary embodiment, the case where the optical 
element 111 functions as a lens will be described. That is, as shown in FIGs. 1 and 2, the 
light converged by the optical element 111 enters the light-receiving surface 108 through the 
base member 110. 

[0071] Base Member 

[0072] As for the present exemplary embodiment, the base member 1 10 is made of 
a material that can transmit light of a predetermined wavelength. More specifically, the base 
member 1 10 is made of a material that can transmit the light that is converged by the optical 
element 111. For example, the base member 1 10 is formed from polyimide resin, acrylic 
resin, epoxy resin or fluorocarbon resin. Altematively, the base member is formed from a 
semiconductor layer, as in a light-receiving element 400 (refer to FIG. 15) of a fourth 
exemplary embodiment described below. 

[0073] As for the present exemplary embodiment, FIG. 1 shows the case where the 
base member 110 and an anti-reflective layer 105 are separate layers, but altematively, the 
base member 110 itself is rendered to function as an anti -reflective layer, instead of providing 
the separated anti-reflective layer 105. In this case, the base member 1 10 is made of a 
material that can effect a reduction of the reflection of the incident light, as well as transmit 
the incident light. More specifically, in this case, the base member 1 10 is made of an 
insulator such as silicon oxide and silicon nitride. 

[0074] There is no particular restriction on the three-dimensional shape of the base 
member 110, but the base member should, at least, have a structure that the optical element 
can be set on its top surface. The same requirement is applied to base members of light- 
receiving elements in the other exemplary embodiments to be described below. 

[0075] The height and shape of the base member 110 are determined by the 
function, application, shape and size of the optical element 111 that is formed on the top 
surface 1 10a of the base member 110. Accordingly, by controlling the shape of the top 
surface 1 10a of the base member 110, the shape of the optical element 111 can be controlled. 

[0076] For example, as for the light-receiving element 100 (refer to FIGs. 1 and 2), 
the shape of the top surface 1 10a of the base member 1 10 is circular. The other exemplary 
embodiments, which are described below, also show cases that the shapes of the top surface 
of the base members are circular. 

[0077] When the optical element is used, for example, as a lens or polarizing 
element, the shape of the top surface of the base member is circular. This allows the three- 
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dimensional shape of the optical element to be a spherical shape or cut spherical shape, 
thereby the resultant optical element is used as a lens or polarizing element. 

[0078] Although a figure is not shown here, when the optical element is used as an 
anisotropic lens or polarizing element, the shape of the top surface of the base member can be 
elliptical. This allows the three-dimensional shape of the optical element to be formed as an 
elliptical spherical shape or cut elliptical spherical shape, thereby the resultant optical element 
1 1 1 is used as a lens or polarizing element. 

[0079] Optical Element 

[0080] Because the three-dimensional shape of the optical element 1 1 1 is described 
above, a detailed description will be omitted. 

[0081] The optical element 1 1 1 is formed by curing a curable liquid material (e.g. a 
precursor of UV-cured resin or thermosetting resin) with applying energy, such as heat and 
light. As for the UV-cured resin, XJV-curable acrylic resin and epoxy resin are exemplified. 
As for the thermosetting resin, thermosetting polyimide resin or the like are exemplified. 

[0082] The precursor of UV-cured resin is cured by a short- time ultraviolet 
irradiation. Accordingly, the UV-cured resin can be cured without going through the step 
such as heating in which the element is apt to be damaged. Thus, when the optical element 
1 1 1 is formed using the precursor of UV-cured resin, influence on the element can be 
reduced. 

[0083] As for the present exemplary embodiment, specifically, the optical element 
1 1 1 is formed by discharging a droplet 111a made of the liquid material on the top surface 
1 10a of the base member 1 10 to form an optical element precursor 1 1 lb and curing the 
optical element precursor 1 1 lb (refer to FIGs. 9 and 10). A method to form the optical 
element 111 will be described below. 

[0084] FIG. 1 shows the case where the maximum width "d" of the optical element 
1 1 1 at its maximum cross section "S" is larger than the diameter of the base member 110. 
This allows a large distance between the upper portion of the curved surface of the optical 
element 111 (surface of the optical element 111) and the light-receiving surface 108. As a 
result, the lens effect of the optical element can be enhanced. The shape and size of the 
optical element 1 1 1 are not limited to those shown in FIG. 1 ; the maximum width d of the 
optical element 1 1 1 at its maximum cross section "S" is equal to or smaller than the diameter 
of the base member 110. This is similarly applied to optical elements in other exemplary 
embodiments described below. 
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[0085] The "maximum cross section S" means a cross section that has the largest 
area among cross sections that can be obtained by cutting the optical element 11 1 in planes 
parallel to the light-receiving surface 108. The "maximum width d at maximum cross section 
S" refers to the maximum width of the optical element at its maximum cross section S as 
defined above. When the maximum cross section S is, for example, circular, d is the 
diameter of the circle defined by the maximum cross section S, while when the maximum 
cross section S is elliptical, d is the major axis of the ellipse defined by the maximum cross 
section S. 

[0086] Other Components 

[0087] As above described, the light-receiving element 100 includes a 
semiconductor substrate 101, and a columnar part 130 that is formed over the semiconductor 
substrate 101. The semiconductor substrate 101 is composed of n-type GaAs substrate. 

[0088] The columnar part 130 is a columnar semiconductor deposition structure that 
is formed on the semiconductor substrate 101. More specifically, the columnar part 130 is 
formed by etching a portion in the light-receiving element 100 from the light-receiving 
surface 108 side to the middle of the substrate 101 so as to form a circular shape as viewed 
from the light-receiving surface 108 side. As for the present exemplary embodiment, 
although the plane shape of the columnar part 130 is circular, the shape may take any other 
shape. 

[0089] The columnar 130 includes a first conductive type layer 102, a light- 
absorbing layer 103, and a second conductive type layer 104. As for the light-receiving 
element 100 according to the exemplary embodiment, the light-receiving surface 108 is 
provided on the second conductive type layer 104. Accordingly, light entering the second 
conductive type layer 1 04 through the light-receiving surface 1 08 propagates in the second 
conductive type layer 104 and then enters the light-absorbing layer 103. In this case, the 
columnar part 130 can be formed by depositing, for example, the first conductive type layer 
102 made of an n-type GaAs layer, the light-absorbing layer 103 made of a GaAs layer with 
no impurities doped, and the second conductive type layer 104 made of a p-type GaAs layer 
on the substrate 101 made of an n-type GaAs layer, in the order described as above. In this 
case, for example, the first conductive type layer 102 can have a film thickness of 0.5 |im, the 
light-absorbing layer 103 can have a film thickness of 3.5 |am, and the second conductive type 
layer 104 can have a film thickness of 0.1 fxm. However, the compositions and thickness of 
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respective layers composing the first conductive type layer 102, the light-absorbing layer 103, 
and the second conductive type layer 104 are not limited to the above-described example. 

[0090] The second conductive type layer 104 is made into the p-type, for example, 
by doping C (carbon), and the first conductive type layer 102 is made into the n-type, for 
example, by doping Si (silicone). Thus, a pin diode is composed of the second conductive 
type layer 104, the light-absorbing layer 103 in which impurities are not doped, and the first 
conductive type layer 102. 

[0091] The second conductive type layer 104 has a carrier density so that it can take 
an ohmic contact with an electrode (the first electrode 107 described below), 

[0092] Furthermore, the coliminar part 130 is embedded with an insulating layer 
106. That is, a side wall 130b of the colimmar part 130 is encompassed with the insulating 
layer 106. As for the light-receiving element 100 according to the exemplary embodiment, 
the insulating layer 106 covers the side wall 130b of the columnar part 130 and the top 
surface of the substrate 101. 

[0093] In the manufacturing steps of the light-receiving element 100, after the 
insulating layer 106 covering the side wall 130b of the columnar part 130 is formed, the first 
electrode 107 is formed on the top surface 130a of the colunmar part 130 and the top surface 
of the insulating layer 106, and a second electrode 109 is formed on the back surface of the 
semiconductor substrate 101 (the surface opposite to the surface of the semiconductor 
substrate 101, on which the columnar part 130 is set). When forming these electrodes, an 
annealing treatment is generally carried out at about 400''C (refer to the manufacturing step 
described below). Accordingly, in the case where the insulating layer 106 is formed using 
resin, the resin composing the insulating layer 106 needs to be excellent in heat resistance so 
as to withstand the annealing treatment. In order to satisfy this requirement, the resin 
composing the insulating layer 106 is preferably polyimide resin, fluorocarbon resin, acrylic 
resin, or epoxy resin, more preferably polyimide resin or fluorocarbon resin fi-om the 
viewpoint of easiness in processing and insulation performance. Furthermore, in the case 
where the optical element (e.g. lens) is formed on the insulating layer 106 using resin as a raw 
material, the insulating layer 106 is preferably made of polyimide resin or fluorocarbon resin 
fi-om the viewpoint of large contact angle with the lens material (resin) and easiness in 
controlling the lens shape. In this case, the insulating layer 1 06 is formed by curing a resin 
precursor with energy irradiation, such as heat and light, or by chemical reaction. 
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[0094] The first electrode 107 is composed of a multi-layered film of an alloy of Au 
and Zn, and Au, for example. 

[0095] Furthermore, the second electrode 109 is formed on the back surface 101b of 
the semiconductor substrate 101, That is, as for the light-receiving element 100, the top 
surface 130a of the columnar part 130 contacts the first electrode 107, and the back surface 
101b of the semiconductor substrate 101 contacts the second electrode 109. The second 
electrode 109 is composed of a multi-layered film of an alloy of Au and Ge, and Au, for 
example. 

[0096] The materials to form the first electrode 107 and the second electrode 109 
are not limited to the above-described examples. For example, metals of Ti, Pt or the like, or 
alloys of these metals are applicable. 

[0097] Furthermore, as shown in FIG. 1, the anti-reflective layer 105 is formed on 
the light-receiving surface 108, as required. Thus, as for the light-receiving element 100 of 
the present exemplary embodiment, the base member 1 10 is set on the light-receiving surface 
108 with the anti-reflective layer 105 interposed. Because this can reduce the reflection of the 
incident light on the light-receiving surface 108, the injection efficiency of the light entering 
the light-receiving surface 108 can be increased. 

[0098] An optical film thickness of the anti-reflective layer 105 is expressed in 
(2m~l) XI A (X represents a wavelength of light entering the light-receiving siu-face 108 
(incident light) and m represents a natural number). The "optical film thickness" refers to a 
value obtained by multiplying an actual film thickness of the layer by a refi-action factor 
thereof For example, when the wavelength of incident light is X and a layer has an optical 
film thickness of A,/4 and a refi*action factor n of 2.0, the actual film thickness of this layer is 
expressed in A./4/2 = 0.125 A. by the fact that the actual film thickness is equal to optical film 
thickness/refi-action factor n. "Film thickness" in the invention refers to an actual film 
thickness of a layer. 

[0099] Materials of the anti-reflective layer 105 are not specifically limited, 
however, they may be materials that have an effect of reducing the reflection factor of the 
incident light and allow the incident light to pass therethrough. For example, the anti- 
reflective layer 1 05 is made of a silicon oxide or silicon nitride. 

[0100] Furthermore, in the light-receiving element 100, a reflective layer (not 
shown) is formed between the first conductive type layer 102 and the light-absorbing layer 
103, as required. By forming the reflective layer, light which passed through the light- 
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absorbing layer 103 can be reintroduced to the light-absorbing layer 103. This can increase 
the light utilizing efficiency. In particular, when the film thickness of the light-absorbing 
layer 103 is reduced, a part of incident light passes through the light-absorbing layer 103, 
thereby decreasing the light utilizing efficiency in the light-absorbing layer 103. In this case, 
forming the reflective layer is effective fi^om the viewpoint of increasing the light utilizing 
efficiency. 

[0101] 2. Operation of the Light-Receiving Element 

[0102] General operation of the light-receiving element 100 according to the 
exemplary embodiment is described below. The case where the first conductive type is of n- 
type and the second conductive type is of p-type is described. The method to drive the light- 
receiving element described below is only an example, and various modifications can be 
made without departing fi-om the intent of the present invention. 

[0103] First, light having a predetermined wavelength enters the optical element 
111. The incident light is converged by the optical element 111 and enters the light-receiving 
surface 108. The incident light through the light-receiving surface 108 generates the light 
excitation in respective layers constituting the columnar part 130 (semiconductor layer) to 
generate electrons and positive holes. At this time, in the light-absorbing layer 103, the 
electrons are accumulated in the vicinity of an interface with the first conductive type layer 
102, and the positive holes are accumulated in the vicinity of an interface with the second 
conductive type layer 104. When more than a predetermined amount of electrons and 
positive holes are accumulated in the light-absorbing layer 103, the electrons move to the first 
conductive type layer 102, and the positive holes move to the second conductive type layer 
104. As a result, a current flows in the direction from the first conductive type layer 102 to 
the second conductive type layer 104 (a direction Z in FIG. 1). At this time, if an electric 
field is impressed to the light-absorbing layer 103 so that a potential on the side of the first 
conductive type layer 102 becomes high, the separation of generated electrons and positive 
holes becomes easy and the probability of recombination is reduced, thereby increasing the 
photoelectric conversion efficiency. 

[0104] 3. Manufacturing Method of Light-receiving Element 

[0105] Next, £m example of the manufacturing method of the light-receiving 
element 100 according to the first exemplary embodiment of the present invention will be 
described referring to FIGs. 3 through 10. FIGs. 3 through 10 are schematic cross sectional 
views, each showing a manufacturing step of the light-receiving element 100 according to the 
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exemplary embodiment as shown in FIGs. 1 and 2, and corresponding to the cross section 
shown in FIG. 1 . 

[0106] (1) First, on the surface of the semiconductor substrate 101 made of n-type 
GaAs, a semiconductor multilayer film 150 is formed by generating epitaxial growth while 
modulating the composition (refer to FIG.3). 

[0107] As shown in FIG. 3, the semiconductor multilayer film 150 is composed by 
depositing the first conductive type layer 102, the light-absorbing layer 103, and the second 
conductive type layer 104 in the order described as above. Furthermore, each of the layers is 
made of GaAs. In this case, the first conductive type layer 102 is doped with Si (silicone) so 
as to be of n-type and the second conductive type layer 104 is doped with C (carbon) so as to 
be of p-type. Furthermore, the reflective layer (not shown) is made to grow in a 
predetermined position, as required. 

[0108] Although the temperature for the epitaxial growth is determined in each case 
in accordance with growth method, raw material, type of the semiconductor substrate 101, or 
type, thickness, and carrier density of the semiconductor multilayer film 150 to be formed, in 
general, the temperature is in the range of 450 to SOO'^C, preferably. The time required for the 
epitaxial growth is also determined in each case as in the temperature. Furthermore, as a 
method of epitaxial growth, MOVPE (Metal-Organic Vapor Phase Epitaxy) method, MBE 
(Molecular Beam Epitaxy) method, or LPE (Liquid Phase Epitaxy) method can be used. 

[0109] Subsequently, after applying photoresist (not shown) on the semiconductor 
multilayer film 150, a resist layer RlOO of a predetermined pattem is formed by patteming the 
photoresist using a photolithography method (refer to FIG. 3). 

[01 10] (2) Thereafter, by partially etching (e.g. dry etching method) the second 
conductive type layer 104, the light-absorbing layer 103, the first conductive type layer 102, 
and the semiconductor substrate 101 using the resist layer RlOO as a mask, the columnar 
semiconductor deposition structure (columnar part) 130 is formed (refer to FIG. 4). 
Thereafter, the resist layer RlOO is removed. 

[0111] (3) Subsequently, the insulating layer 106 encompassing the columnar part 
130 is formed (refer to FIGs. 5 and 6). The case where polyimide resin is used as a material 
for forming the insulating layer 106 will be described. 

[0112] First, a resin precursor layer (polyimide precursor) is applied on the 
semiconductor substrate 101, for example, using a spin coat method, to effect imidization. 
Thereby, the insulating layer 106 is formed around the columnar part 130 as shown in FIG. 5. 
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As for the forming method of the insulating layer 106, for example, the method given in 
Japanese laid-open patent publication No. 13-066299 can be used. As for the forming 
method of the resin precursor layer, in addition to the above-described spin coat method, 
suitable techniques, such as dipping method, spray coat method, and an ink jet method, can be 
used. 

[0113] (4) Next, the first electrode 107 and the second electrode 109, and the Hght- 
receiving surface 108 are formed (refer to FIG. 6). 

[0114] First, before the first electrode 107 and the second electrode 109 are formed, 
the top surface 130a of the columnar 130 is cleaned using a plasma treatment method or the 
like, as required. This enables an element having more stable properties to be formed. 
Subsequently, after a multi-layered film (not shown) made of an alloy of Au and Zn, and Au, 
for example, is formed on the top surface of the insulating layer 106 and the top surface 130a 
of the columnar part 130 using the vacuum deposition method, for example, a portion 
(opening 1 14), which does not have the multi-layered film formed thereon, is formed on the 
top surface 130a of the columnar part 130 using the lift off method. This allows the region 
inside of the opening 114 to function as the light-receiving surface 108. Incidentally, in the 
above-described step, the dry etching method can be used instead of the lift off method. 

[0115] Furthermore, a multi-layered film (not shown) made of, for example, an 
alloy of Au and Ge, and Au, is formed on the back surface of the semiconductor substrate 101 
using the vacuum deposition method, for example, and then is subjected to an aimealing 
treatment, thereby forming ohmic contact. The temperature of the annealing treatment 
depends on the electrode material. Typically, the electrode material used in the exemplary 
embodiment is treated at about 400°C. Through the above-described steps, the first electrode 
107 and the second electrode 109 are formed (refer to FIG. 6), 

[0116] Subsequently, the anti-reflective layer 105 is formed on the light-receiving 
surface 108, as required (refer to FIG. 7). 

[0117] Specifically, an insulating layer (not shown in the figures) to form the anti- 
reflective layer 105 is multi-layered by a method, such as plasma CVD, so that a layer of a 
predetermined thickness is produced. The description is given to the insulating layers 
composed of silicon nitride, but the insulating layers may be made of silicon oxide. Then the 
resist patterning is conducted by the photolithographic process so as to leave only resist over 
the light-receiving surface 108, Following that, portions of the insulating layers that are not 
covered by the resist are removed by the wet etching, for example, using buffered 
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hydrofluoric acid solution as the etchant. The dry etching using fluorine plasma can be 
employed instead of the wet etching. Finally the resist is removed. The anti-reflective layer 
105 can be obtained through the above-described steps. 

[0118] (5) Next, the base member 110, on which the optical element 1 1 1 (refer to 
FIG. 1) will be set, is formed over the light-receiving surface 108 (refer to FIGs. 7 and 8). 

[0119] To form the base member 1 10, a method (e.g. the selective growth method, 
the dry etching, the wet etching, the lift-off method and the transfer method) can be selected 
that is appropriate for material, shape and size of the base member 110. As for the present 
exemplary embodiments, the case where the base member 110 is formed by patteming with 
the wet etching will be described. 

[0120] First a resin layer 1 1 Ox is formed over, at least, the light-receiving surface 
108, as shown in FIG. 7. As for the present exemplary embodiment, the case where the resin 
layer 1 1 Ox is formed over the light-receiving surface 108 and over the entire top surface of 
the first electrode 107 using the spin coat method, for example, is shown. 

[0121] Subsequently, a resist layer R200 of a predetermined pattern is formed over 
the resin layer 1 lOx. The resist layer R200 is used to form the base member 110, which is 
accomplished by patteming the resin layer 1 lOx. Specifically, the resin layer 1 1 Ox is 
patterned by the lithographic process employing the wet etching that uses the resist layer 
R200 as mask and, for example, an allcaline solution as the etchant. As a result, the base 
member 110 is formed over the light-receiving surface 108 as shown in FIG. 8. Afterwards, 
the resist layer R200 is removed. 

[0122] (6) Next, the optical element 1 1 1 is formed on the top surface 130a of the 
columnar part 130 (refer to FIGs. 9 and 10). As for the present exemplary embodiments, the 
case where the optical element 1 1 1 is formed on the top surface 1 10a of the base member 110 
via the first electrode 107 is shown. 

[0123] First, a treatment to adjust a wet angle of the optical element 1 1 1 is 
conducted to the top surface 1 10a of the base member 1 10, as required. The treatment 
enables the optical element precursor 111b with a preferable shape to be obtained when the 
liquid material 1 1 la is introduced on the top surface 1 10a of the base member 1 10 in the step 
described below. As a result, the optical element 111 having a preferable shape can be 
obtained (refer to FIGs. 9 and 10). 

[0124] Subsequently, a droplet of the liquid material 1 1 la is discharged onto the top 
surface 1 10a of the base member 110 using the Inkjet method, for example. As for 
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discharging methods of the ink jet, (i) a method of generating pressure by changing the sizes 
of bubbles in the Uquid (lens material in the invention) with heat so as to discharge the liquid, 
and (ii) a method of generating pressure with a piezoelectric element so as to discharge the 
liquid, are exemplified. The method (ii) is preferable from the viewpoint of pressure 
controllability. 

[0125] The alignment of the nozzle position of an ink jet head and the discharging 
position of the droplet is performed using suitable image recognition techniques used in an 
exposure process or inspection process in a general manufacturing process of semiconductor 
integrated circuit. For example, as shown in FIG. 9, the position of a nozzle 1 12 of an ink jet 
head 120 and the position of the columnar part 130 are aligned. After the alignment, the 
voltage applied to the ink jet head 120 is controlled and then the droplet of the liquid material 
1 1 la is discharged. Thereby, as shown in FIG. 10, the optical element precursor 1 1 lb is 
formed on the top surface 11 Oa of the base member 110. 

[0126] In this case, as shown in FIG. 9, the liquid material 1 1 la is deformed due to 
surface tension when the droplet, discharged from the nozzle 112, lands on the top surface 
1 10a of the base member 110, and the liquid material 111a comes to the center of the top 
surface 1 10a of the base member 110. Thereby, the position is automatically corrected. 

[0127] Furthermore, in this case, the optical element precursor 1 1 lb (refer to FIG. 
9) obtains a shape and size in accordance with the shape and size of the top surface 1 10a of 
the base member part 110, the discharging amount of the liquid material 111a, the surface 
tension of the liquid material 111a, and the interfacial tension between the top surface 130a of 
the columnar part 130 and the liquid material 1 1 la. For example, the method of dispensing 
the droplet is repeated as many times as needed, to form the optical element 1 1 1 of the 
required shape and size. Accordingly, by controlling these factors, the shape and size of the 
optical element 111 obtained finally (refer to FIG. 1) can be controlled, thereby enhancing the 
flexibility in lens design. 

[0128] After conducting the above-described steps, as shown in FIG. 10, the optical 
element precursor 1 1 lb is cured by irradiation of energy beam 113 (e.g. ultraviolet rays) to 
form the optical element 1 1 1 on the top surface 1 10a of the base member 110 (refer to FIG. 
1). At this time, an optimal wavelength and amount of the ultraviolet rays depend on the 
material of the optical element precursor 111b. For example, in the case where the optical 
element precursor 1 1 lb is formed using a precursor of acrylic UV-cured resin, it is irradiated 
for five minutes by ultraviolet rays having a wavelength of about 350 nm and an intensity of 
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10 mW to be cured. Through the above-described steps, the light-receiving element 100 
according to the exemplary embodiment can be obtained as shown in FIG. 1 . 
[0129] 4. Actions and Effects 

[0130] The light-receiving element 100 according to the exemplary embodiment has 
actions and effects described below. 

[0131] (A) First, because the optical element 1 1 1 is formed on the top surface 1 10a 
of the base member 1 10, a amount of light per unit cross section area, which is introduced to 
the light-absorbing layer 103, can be increased. This allows the film thickness of the light- 
absorbing layer 103 to be thinner, thereby decreasing the distance that the electrons and the 
positive holes moves to the electrodes (the first electrode 107 and the second electrode 109). 
As a result, a high-speed operation becomes possible while maintaining the light-receiving 
sensitivity. 

[0132] Furthermore, because the light-absorbing layer 103 has a high insulation 
performance in general, the capacitance of the light receiving element 100 is increased in 
proportional to the cross section area of the light-absorbing layer 103. The increase of 
capacitance is a factor preventing the high-speed operation of the element. By contrast, in the 
light receiving element 100 according to the exemplary embodiment, because the amount of 
light per unit cross section area, which is introduced to the light-absorbing layer 103, can be 
increased as above described, the cross section area of the light-absorbing layer 103 can be 
decreeised. Because this can reduce the capacitance, higher-speed operation becomes possible 
while maintaining the light utilizing efficiency, 

[0133] (B) Second, because the optical element 1 1 1 is provided on the top surface 
1 10a of the base member 1 10, an appropriate path length can be secured for the light that 
enters through the light-receiving surface 108. That is, by adjusting the height of the base 
member 1 10, the path length for the light that enters through the light-receiving surface 108 
(the incident light) can be adjusted. Thus, the curvature of the optical element 111 and the 
path length for the incident light can be controlled independently. Therefore, an optical 
design that will bring the incident light into the light-absorbing layer 103 with good efficiency 
can be conducted with ease. 

[0134] (C) Third, the size and shape of the optical element 111 can be strictly 
controlled. In order to form the optical element 1 1 1, as described in the step (6), the optical 
element precursor 1 1 lb is formed on the top surface 1 10a of the base member 1 10 in the step 
of forming the optical element 111 (refer to FIGs. 9 and 10). At this time, as long as the side 
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wall 1 10b of the base member 1 10 is not wetted with the liquid material composing the 
optical element precursor 1 10a, the surface tension of the top surface 1 10a of the base 
member 110 does not act on the optical element precursor 111b, but the surface tension of the 
liquid material mainly acts on the optical element precursor 1 1 lb. Therefore, the shape of the 
optical element precursor 111b can be controlled by controlling the amount of the liquid 
material (droplet 111a) used to form the optical element 111. Thereby, the optical element 
111 whose shape is more strictly controlled can be formed. As a result, the optical element 
111 having a preferred shape and size can be obtained. 

[0135] (D) Fourth, the setting position of the optical element 111 can be strictly 
controlled. As above described, the optical element 1 1 1 is formed by discharging the droplet 
of the liquid material 111a onto the top surface 1 10a of the base member 1 10 to form the 
optical element precursor 111b and curing the optical element precursor 1 1 lb (refer to FIG. 
10), In general, a strict control of the landing position of the discharged droplet is difficult. 
This method, however, allows the optical element 111 to be formed on the top surface 1 10a 
of the base member 110 without performing special alignment. That is, by only discharging 
the droplet 1 1 la on the top surface 1 10a of the base member 1 10, the optical element 
precursor 1 1 lb can be formed without alignment. To put it differently, the optical element 
111 can be formed with the alignment accuracy, which is applied when the base member 110 
is formed. Thereby, the optical element 111 whose setting position is controlled can be 
formed with ease and with good yield. 

[0136] In particular, in the case where the droplet 1 1 la is discharged using the ink 
jet method, the droplet 111a can be discharged in a more precise position, so that the optical 
element 111 whose setting position is controlled more strictly can be formed with ease and 
with good yield. Furthermore, by discharging the droplet 111a using the ink jet method, the 
amount of the discharged droplet 1 1 la can be controlled in units of pico-liter order, thereby a 
fine structure can be produced precisely. 

[0137] (E) Fifth, by setting the shape and area of the top surface 1 10a of the base 
member 110, the shape and size of the optical element 111 can be set. In particular, by 
selecting the shape of the top surface 1 10a of the base member 1 10 in each case, the optical 
element 111 having a predetermined function can be formed. Moreover, by forming a 
plurality of base members having different shapes of top surface thereof, and forming each 
optical elements on the top surface of each of the base members, optical elements having 
different functions can be integrated on the same substrate. 
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[0138] 5. Modification 

[0139] Next, a modification of the light-receiving element 100 of the present 
exemplary embodiment will be described with reference to FIG. 1 1 . FIG. 11 is a schematic 
cross sectional view of a modification (light-receiving element 190) of the light-receiving 
element 100 of the present exemplary embodiment. 

[0140] As shown in FIG. 1 1, as for a light-receiving element 190 of the 
modification, a sealing agent 131 is formed so as to, at least, partially cover the optical 
element 111. The sealing agent 131 heightens the adhesion strength of the optical element 
1 1 1, so that the optical element 1 1 1 is securely fixed to the top surface 1 10a of the base 
member 110. The refractive factor of the sealing agent 131 is preferably lower than that of 
the optical element 111. There is no particular restriction on the material of the sealing agent, 
and resin can be used, for example. 

[0141] Apart from the above aspects, the light-receiving element 190 in the 
modification has the same structure and the same actions and effects as the light-receiving 
element 100 of the present exemplary embodiment. 

[0142] 6. Another Modification 

[0143] Next, another modification of the light-receiving element 100 of the present 
exemplary embodiment will be described with reference to FIG, 12. FIG. 12 is a schematic 
cross sectional view of the another modification (light-receiving element 180). 

[0144] As shown in FIG. 12, as for a light-receiving element 180 of the 
modification, a top surface 910a of a base member 910 is curved. According to the structure, 
an optical element 911 with an approximate spherical shape can be set on the top surface 
910a of the base member 910. 

[0145] Apart fi-om the above aspects, the light-receiving element 180 of the 
modification has the same structure and the same actions and effects as the light-receiving 
element 100 of the present exemplary embodiment. Also for light-receiving elements of other 
exemplary embodiments described below, the top surfaces of the base members is made 
curved in the same way as in the light-receiving element 180 shown in FIG. 12. In these 
cases also, an optical element with approximate spherical shape is set on the top surface of 
the base member in the same way as in the light-receiving element 180 shown in FIG. 12. 

[0146] Second Exemplary Embodiment 

[0147] 1. Structure of the Light-Receiving Element 
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[0148] FIG. 13 is a schematic cross sectional view showing a light-receiving 
element 200 according to a second exemplary embodiment of the present invention. As for 
the exemplary embodiment, the case where the light-receiving element is a photodiode, as in 
the first exemplary embodiment, will be described. 

[0149] The light-receiving element 200 of the present exemplary embodiment has 
almost the same structure as that of light-receiving element 100 of the first exemplary 
embodiment except that the upper portion of its base member 210 takes the form of an 
inverse taper. Accordingly, as for the structural elements of the light-receiving element 200, 
which are similar to those of the light-receiving element 100 according to the first exemplary 
embodiment, same reference numerals have been given, and a detailed description will be 
omitted. 

[0150] As shown in FIG. 13, the angle of 0, formed between a top surface 210a and 
a surface 210b of a base member 210, can be set acute. That is, as for the base member 210, 
as above described, the upper portion 210c of the base member 210 is an inverse taper in 
shape. The "surface 210b" refers to the surface of the side wall of the base member 210 that 
contact with the top surface 2 1 Oa. 

[0151] The material of the base member 210 is the same as that of the base member 
1 10 in the first exemplary embodiment. That is, the base member 210 is made of a material 
that can transmit light that enters the base member 210 through the optical element 211. 
Moreover, the structure, material and fimction of the optical element 21 1 are the same as 
those of optical element 1 1 1 in the first exemplary embodiment. Additionally, the optical 
element 21 1 can be formed using the same method as for the optical element 1 1 1 in the first 
exemplary embodiment. 

[0152] 2. Operation of the Light-Receiving Element 

[0153] Because the operation of the light-receiving element 200 according to the 
exemplary embodiment is similar to that of the light-receiving element 100 according to the 
first exemplary embodiment, a detailed description will be omitted. 

[0154] 3. Method for Manufacturing the Light-Receiving Element 
[0155] The method for manufacturing the light-receiving element 200 of the present 
exemplary embodiment is the same as that for light-receiving element 100 of the first 
exemplary embodiment except for forming of the upper portion of the base member 210 into 
an inverse taper for the light-receiving element 200. Accordingly, a detailed description will 
be omitted. 
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[0156] 4. Actions and Effects 

[0157] The light-receiving element 200 according to the exemplary embodiment 
and its manufacturing method have substantially the same actions and effects as the light- 
receiving element 1 GO according to the first exemplary embodiment and its manufacturing 
method. In addition, the light-receiving element 200 according to the exemplary embodiment 
and its manufacturing method take the following actions and effects. 

[0158] The optical element 21 1 is formed by discharging droplets onto the top 
surface 210a of the base member 210 so as to form an optical element precursor (not shown), 
then causing the optical element precursor to be cured. In this case, because the angle of 9, 
formed between the top surface 210a and the surface 210b of the base member 210, is acute, 
when the droplet are discharged at the top surface 210a of the base member 210, wetting of 
the side wall of the base member 210 can be reduced or prevented. As a result, the optical 
element 211 with the preferred shape and size can be formed reliably. 

[0159] Third Exemplary Embodiment 

[0160] L Structure of the Light-Receiving Element 

[0161] FIG. 13 is a schematic cross sectional view showing a light-receiving 
element 300 according to a third exemplary embodiment of the present invention. As for the 
exemplary embodiment, the case where the light-receiving element is a photodiode, as in the 
first and second exemplary embodiments, will be described. 

[0162] The light-receiving element 300 of the present exemplary embodiment has 
almost the same structure as that of light-receiving element 200 of the second exemplary 
embodiment, because an upper portion 3 1 Oc of a base member 310 takes the form of an 
inverse taper. Accordingly, as for the structural elements of the light-receiving element 300, 
which are similar to those of the light-receiving element 200 according to the second 
exemplary embodiment, same reference numerals have been given, and a detailed description 
will be omitted. 

[0163] As for the light-receiving element 300, the angle of 9, formed between the 
top surface 3 1 Oa of the base member 310 and the surface 3 1 Ob of the side wall of the base 
member 310 that contact with the top surface 310a, is smaller than that of the light-receiving 
element 200 of the second exemplary embodiment. 

[0164] As described above, as for the light-receiving element 300 of the present 
exemplary embodiment, the upper portion 3 10c of the base member 310 takes the form of an 
inverse taper. More specifically, the angle of 0, formed between the top surface 310a of the 
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base member 310 and the surface 310b of the side wall of the base member 310 that contact 
with the top surface 3 10a, is acute. The material of the base member 3 10 is the same as that 
of the base member 210 in the second exemplary embodiment. That is, the base member 310 
is made of a material that can transmit light that enters the base member 310 through the 
optical element 311. Moreover, the structure, material and function of the optical element 
311 are the same as those of the optical element 21 1 in the second exemplary embodiment. 
Additionally, the optical element 3 1 1 is formed using the same method as for the optical 
element 21 1 in the second exemplary embodiment. 

[0165] 2. Operation of the Light-Receiving Element 

[0166] Because the operation of the light-receiving element 300 according to the 
exemplary embodiment is basically the same as those of the light-receiving elements 100 and 
200 according to the first and second exemplary embodiments, a detailed description will be 
omitted. 

[0167] 3. Method for Manufacturing the Light-Receiving Element 

[0168] The method for manufacturing the light-receiving element 300 of the present 
exemplary embodiment is the same as that for the light-receiving element 100 of the first 
exemplary embodiment except for forming of the base member 310 such that the upper 
portion 310c of the base member 310 is shaped as an inverse taper. Accordingly, the steps of 
the manufacturing method for the light-receiving element 300 that differ fi-om the 
manufacturing method for the light-receiving element 100 of the first exemplary embodiment, 
that is, the steps for forming the base member 310 will be mainly described. 

[0169] First, the same methods in the steps (1) through (4) (refer to FIGs. 3 through 
6) of the method to manufacture the light-receiving element of the above-described first 
exemplary embodiment are used to form all of the parts of the light-receiving element 300 
except the base member 310 and the optical element 311. Then, using a similar method to 
that in the above-described step (5) (refer to FIG. 7), a resin layer 1 1 Ox is formed, and 
subsequently a resist layer R200 with a predetermined pattern is formed over the resin layer 
1 lOx. The resist layer R200 will be employed in the subsequent step of patterning the resin 
layer 1 1 Ox so as to form the base member 310. 

[0170] Next, a thermal treatment is applied at a temperature level (e.g. 130°C) that 
will not alter the properties of the resist. As for the thermal treatment, heat is applied at the 
top surface of the resin layer 1 1 Ox so that the degree of curing of portions of the resin layer 
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1 lOx that are close to its top surface (resist layer R200) becomes greater than that of portions 
that are close to the substrate 101. 

[0171] Next, the resin layer 1 1 Ox is wet-etched using the resist layer R200 as a 
mask. In the step, the area immediately below the resist layer R200, that is, the upper portion 
of the resin layer 1 lOx, is less susceptible of being etched compared with the other portions 
because the etchant penetrates it at a slow speed. Moreover, because of the above-described 
thermal treatment, the portions of the resin layer 1 lOx that lie close to its top surface have 
been cured to a higher degree than its portions that lie close to the substrate 101, the etching 
rate in the wet etching process is lower for the portions of the resin layer 1 lOx that lie close to 
its top surface than for its portions that lie close to the substrate 100. As a result, the portions 
of the resin layer 1 lOx that lie close to its top surface are etched at a slower speed compared 
to its portions that lie close to the substrate 100 during the wet etching. This means that the 
portions of the resin layer 1 lOx that lie close to its top surface are left in larger amounts 
compared with its portions that lie close to the substrate 100. Accordingly, the base member 
310 with its upper portion 310c formed into an inverse taper shape (refer to FIG. 14) is 
obtained. Afterwards the resist layer R200 is removed. 

[0172] Because the remaining steps (steps to form the optical element) are the same 
as the manufacturing method for the first exemplary embodiment (the step (6) of the first 
exemplary embodiment), a detailed description will be omitted. In this way, the light- 
receiving element 300 is obtained (refer to FIG 14). 

[01 73] 4. Actions and Effects 

[0174] The light-receiving element 300 of the present exemplary embodiment and 
its manufacturing method have substantially the same actions and effects as the light- 
receiving element 100 of the first exemplary embodiment and its manufacturing method. 
Furthermore, the light-receiving element 300 of the present exemplary embodiment and its 
manufacturing method have the actions and effects described below. 

[0175] According to the light-receiving element 300, the upper portion 3 10c of the 
base member 310 has the form of an inverse taper. This preserves the stability of the base 
member 310, while at the same time allowing the angle of 0, formed between the top surface 
310a and the surface 310b of the base member 310, to be made even smaller. Therefore, the 
side wall of the base member 310 can be prevented fi-om being wetted by the droplet more 
reliably. As a result, the optical element 311 of the preferred shape and size is formed. 

[0176] Fourth Exemplary Embodiment 
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[0177] 1 . Structure of the Light-Receiving Element 

[0178] FIG. 15 is a schematic cross sectional view showing a light-receiving 
element 400 according to a fourth exemplary embodiment of the present invention. As for 
the exemplary embodiment, the case where the light-receiving element is a photodiode, as in 
the first through third exemplary embodiments, will be described. 

[0179] The light-receiving element 400 of the present exemplary embodiment has 
almost the same structure as that of light-receiving element 100 of the first exemplary 
embodiment except that a base member 410 is made of a semiconductor layer. Accordingly, 
as for the structural elements of the light-receiving element 400, which is similar to those of 
the light-receiving element 100 according to the first exemplary embodiment, same reference 
numerals have been given, and detailed description will be omitted. 

[0180] As described above, the base member 410 is composed of semiconductor 
layer. The semiconductor layer possesses properties that can transmit light that enters 
through the optical element 111. Moreover, the base member 410 can be formed integrally 
with the columnar part 130. Specifically, the layers composing the base member 410 is 
stacked by the epitaxial grov^h in the same way as for the columnar part 130. 

[0181] As for the present exemplary embodiment, the columnar part 130 is formed 
by using GaAs in the maimer described for the first exemplary embodiment. In this case, the 
base member 410 is formed firom an AlGaAs material. For example, when the design 
waveband of the light for the light-receiving element 400 is 850 nm, the base member 410 is 
formed of layers containing aluminum in a proportion (mole fi:'action) of 5% or more. This 
will enable the light entering the base member 410 through the optical element 1 1 1 to pass 
through the base member 410 and enter the light-receiving surface 108. The "design 
waveband" used in the invention refers to the waveband of light that is absorbed by the light- 
absorbing layer. 

[01 82] 2 . Operation of the Light-Receiving Element 

[0183] Because the operation of the light-receiving element 400 according to the 
exemplary embodiment is basically the same as that of the light-receiving element 100 
according to the first exemplary embodiment, a detailed description will be omitted. 
[0184] 3. Method to Manufacture the Light-Receiving Element 
[0185] Next, an example of the manufacturing method of the light-receiving 
element 400 according to the exemplary embodiment will be described referring to FIGs. 1 
through 20. FIGs. 16 through 20 are schematic cross sectional views, each showing a 
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manufacturing step of the light-receiving element 400 according to the exemplary 
embodiment shown in FIG. 15, and corresponding to the cross section shown in FIG. 15. 

[0186] First of all, a multilayer semiconductor 150 is formed by the same method as 
in the step (1) (refer to FIG. 3) for the manufacturing of light-receiving element 100 in the 
above-described first exemplary embodiment. The multilayer semiconductor 150 has the 
same composition and thickness as the multilayer semiconductor 150 shown in FIG. 3. 

[0187] Next, a semiconductor layer 41 Ox is epitaxially grown over the multilayer 
semiconductor 150. The semiconductor layer 41 Ox is formed of the composition described 
above. 

[0188] Following that, a resist layer Rl 10 with a predetermined pattern is formed on 
the semiconductor layer 41 Ox, as shown in FIG. 16. The resist layer Rl 10 is used to pattern 
the semiconductor layer 41 Ox so as to form the base member 410. Then, the semiconductor 
layer 41 Ox is pattemed by the dry etching, for example, with the resist layer RllO used as a 
mask. This results in the formation of the base member 410 on the multilayer semiconductor 
150, as shown in FIG. 17. Afterwards the resist layer Rl 10 is removed. 

[0189] Next, a resist layer R210 with a predetermined pattern is formed over the 
multilayer semiconductor 150, as shown in FIG. 18. The resist layer R210 is used to pattern 
the multilayer semiconductor 150 so as to form the columnar part 130. Then, the multilayer 
semiconductor 150 is pattemed by the dry etching, for example, with the resist layer R210 
used as a mask. This results in the formation of the columnar part 130, as shown in FIG. 19. 
Afterwards the resist layer R210 is removed. 

[0190] Following that, the insulating layer 106 is formed around the columnar part 
130 by the same methods as given in the steps (3) and (4) for the manufacturing of the light- 
receiving element 1 00 of the first exemplary embodiment. Then the first and second 
electrodes 107 and 109, and also the light-receiving surface 108, are formed (refer to FIG. 
20). 

[0191] Next, the optical element 111 (refer to FIG. 15) is formed on the base 
member 410 by the same methods as given in the step (6) for the manufacturing of light- 
receiving element 100 of the above-described first exemplary embodiment. Through the 
above-described steps, formation of the light-receiving element 400 is formed. 

[0192] As for the present exemplary embodiment, as described above, the case 
where the base member 410 is formed by the first etching, and the columnar part 130 is 
formed by the following etching, is shown. However, the order of etching can be changed, as 



27 

required. That is, after the columnar part 130 is formed by the first etching, the base member 
410 may be formed by the following etching. 
[0193] 4. Actions and Effects 

[0194] The light-receiving element 400 of the present exemplary embodiment and 
its manufacturing method have substantially the same actions and effects as the light- 
receiving element 100 of the first exemplary embodiment and its manufacturing method. 
Furthermore, the light-receiving element 400 of the present exemplary embodiment and its 
manufacturing method have the actions and effects described below. 

[0195] According to the light-receiving element 400, the semiconductor layer 41 Ox 
(refer to FIG. 16) is formed by epitaxial growth. This means that the thickness of the 
semiconductor layer 41 Ox can be controlled with ease. Because the base member 410 is 
formed fi"om the semiconductor layer 41 Ox, the height of the base member 410 is controlled 
with ease. 

[0196] Furthermore, because the embedding of the insulating layer 106 and the 
formation of the electrodes 107 and 109 are conducted after the base member 410 is formed, 
the effects of formation of the base member 410 to the element's characteristics can be 
lessened. 

[0197] Fifth Exemplary Embodiment 

[0198] 1 . Structure of the Light-Receiving Element 

[0199] FIG. 21 is a schematic cross sectional view showing a light-receiving 
element 500 according to a fifth exemplary embodiment of the present invention. As for the 
exemplary embodiment, the case where the light-receiving element is a photodiode, as in the 
first through fourth exemplary embodiments, will be described. Accordingly, as for the 
structural elements of the light-receiving element 500, which is similar to those of the light- 
receiving element 100 according to the first exemplary embodiment, same reference numerals 
have been given, and a detailed description will be omitted. 

[0200] The light-receiving element 500 of the present exemplary embodiment has a 
structure that differs fi-om the light-receiving element of the first through fourth exemplary 
embodiments in that light enters through the back surface 101b of the semiconductor 
substrate 101 of the light-receiving element 500. 

[0201] As for the light-receiving element 500, light enters through the light- 
receiving surface 508, which is provided on the back surface 101b of the semiconductor 
substrate 101. Furthermore, the base member 510 is set over the light-receiving surface 508 
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with an anti-reflective layer 505 interposed, and an optical element 5 1 1 is set on a top surface 
5 10a of the base member 510. The light-receiving surface 508 is set within an opening 514 
provided in the second electrode 109. That is, the plane shapes of the first and second 
electrodes 107 and 109 in the light-receiving element 500 differ fi-om those of electrodes 107 
and 109 in the light-receiving element 100 of the first exemplary embodiment. The base 
member 510 and the optical element 51 1 of the light-receiving element 500 are, respectively, 
composed of the same materials as the base member 110 and the optical element 1 1 1 of the 
light-receiving element 100 of the first exemplary embodiment and is formed using the same 
steps. 

[0202] The structure of the light-receiving element 500 differs fi-om that of light- 
receiving element 100 of the first exemplary embodiment (refer to FIG. 1) in that the anti- 
reflective layer 505 is formed on the back surface 101b of the semiconductor substrate 101. 
In contrast, in the light-receiving element 100, the anti-reflective layer 105 is formed on the 
top surface 130a of the columnar part 130. The material of the anti-reflective layer 505 is the 
same as that of the anti -reflective layer 105 (refer to FIG. 1). 

[0203] The structure of the light-receiving element 500 fiirther differs fi"om the 
light-receiving element of the first through fourth exemplary embodiments in that it includes 
a light-absorbing layer 303 composed of a layer of InGaAs. In contrast, the light-receiving 
elements of the first through fourth exemplary embodiments include a light-absorbing layer 
103 composed of a layer of GaAs: 

[0204] The InGaAs layer can absorb light of wavelengths longer than the 870 nm 
waveband, with adjustment of the proportion of indium in the composition. Hence, by 
including the light-absorbing layer 303 composed of a layer of InGaAs in the light-receiving 
element 500, the light-receiving element, which has a design waveband exceeding 870 nm, 
can be designed. 

[0205] As for the light-receiving element 500, the semiconductor substrate 101 are 
composed of a n-type GaAs layer and the first conductive type layer 102 are composed of a n- 
type GaAs layer. The GaAs layer does not absorb light of wavelengths 870 nm or more. 
Therefore, when light that is within the design waveband of the light-receiving element 500, 
but is longer than 870 nm in wavelength, enters through the light-receiving surface 508, the 
light pass through the semiconductor substrate 101 and the first conductive type layer 102 and 
is absorbed by the light-absorbing layer 303. Because the light is not absorbed by the 
semiconductor substrate 101 and the first conductive type layer 102, but is absorbed by the 
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light-absorbing layer 303, a photodiode with outstanding light utilization efficiency is 
obtained. 

[0206] 2. Operation of the Light-Receiving Element 

[0207] The operation of the light-receiving element 500 of the present exemplary 
embodiment is basically the same as that of the light-receiving element 100 of the first 
exemplary embodiment. However, as for the light-receiving element 500 of the present 
exemplary embodiment, the light-receiving surface 508 is set on the back surface 101b of the 
semiconductor substrate 101. Therefore, light that enters through the light-receiving surface 
508 passes through the base member 510, the semiconductor substrate 101 and the first 
conductive type layer 102, and enters and is absorbed by the light-absorbing layer 303. 
Because all of the operations thereafter are the same as in the light-receiving elements of the 
first through fourth exemplary embodiments, a detailed descriptions will be omitted. 

[0208] 3. Method to Manufacture the Light-Receiving Element 

[0209] Next, an example of the manufacturing method of the light-receiving 
element 500 according to the exemplary embodiment will be described. 

[0210] Up until the intermediate manufacturing steps, the light-receiving element 
500 of the present exemplary embodiment is formed by almost the same manufacturing steps 
as described above for the light-receiving element 100 of the first exemplary embodiment. 
Specifically, the light-receiving element 500 is formed by almost the same manufacturing 
steps as for the. light-receiving element 100 of the first exemplary embodiment except that the 
light-absorbing layer 303 is composed of InGaAs, the plane shapes of the first and second 
electrodes 107 and 109 differ from those in the first exemplary embodiment, and the light- 
receiving surface 508 is formed on the back surface 101b of the semiconductor substrate 101, 
and the optical element 511 is set over the light-receiving surface 508 with the base member 
510 interposed. Therefore aspects of the manufacturing steps for the present exemplary 
embodiment that differ firom that for the light-receiving element of the first exemplary 
embodiment will be described mainly. 

[0211] Specifically, as for the manufacturing steps for the light-receiving element 
500 of the present exemplary embodiment, when forming the second electrode 109, a region 
where the semiconductor substrate 101 is exposed is created. The exposed region serves as 
the light-receiving surface 508. 
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[0212] Next, the anti-reflective layer 505 is formed by the same method as for the 
anti -reflective layer 105 in the light-receiving element 100 of the first exemplary 
embodiment. 

[0213] Following that, the base member 5 10 is formed over the light-receiving 
surface 508 with the anti-reflective layer 505 interposed, and then the optical element 51 1 is 
formed on the top surface 5 10a of the base member 510. A detailed description of the 
methods for forming the first and second electrodes 107 and 109, the base member 510 and 
the optical element 5 1 1 is omitted, because they are the same as the methods described for the 
first exemplary embodiment. 

[0214] 4. Actions and Effects 

[0215] Detailed description of the actions and effects of the light-receiving element 
500 of the present exemplary embodiment and its manufacturing method are omitted, because 
they are substantially the same as the actions and effects of the light-receiving element 100 of 
the first exemplary embodiment and its manufacturing method. 

[0216] Sixth Exemplary Embodiment 

[021 7] 1 . Structure of the Light-Receiving Element 

[0218] FIG. 22 is a schematic cross sectional view showing a light-receiving 
element 600 according to a sixth exemplary embodiment of the present invention. As for the 
exemplary embodiment, the case where the light-receiving element is a photodiode, as in the 
first through fifth exemplary embodiments, will be described. 

[0219] The light-receiving element 600 of the present exemplary embodiment has a 
structure that is similar to the light-receiving element 500 of the fifth exemplary embodiment 
in that light enters the light-receiving element 600 through the back surface 101b of the 
semiconductor substrate 101 of the light-receiving element 600. 

[0220] However, the structure of the light-receiving element 600 differs fi-om that of 
the light-receiving element 500 of the fifth exemplary embodiment in that the light-absorbing 
layer 103 of the light-receiving element 600 is composed of a GaAs layer that has not been 
doped with impurities as in the light-receiving element 100 of the first exemplary 
embodiment, a recessed portion 321 set on the back surface 101b of the semiconductor 
substrate 101 and a light-propagating layer 630 embedded in the recessed portion 321 of the 
light-receiving element 600, the first electrode 107 and second electrode 109 of the light- 
receiving element 600 are both formed above the semiconductor substrate 101, and a light- 
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receiving surface 608 of the light-receiving element 600 is set on the top surface of the light- 
propagating layer 630. 

[0221] As for the other structures and functions of the components, the light- 
receiving element 600 has structures and functions that are almost the same as those of the 
light-receiving element 500 of the fifth exemplary embodiment. Accordingly, as for the 
structural elements of the light-receiving element 600, which is similar to that of the light- 
receiving element 500 according to the fifth exemplary embodiment, same reference numerals 
have been given, and detailed description for them will be omitted. 

[0222] The base member 610 and the optical element 61 1 of the light-receiving 
element 600 are, respectively, composed of the same materials as the base member 110 and 
optical element 1 1 1 of the light-receiving element 100 of the first exemplary embodiment, 
and is formed by the same steps. Furthermore, an anti-reflective layer 605 is composed of the 
same materials as the anti-reflective layer 505 in the fifth exemplary embodiment, and is 
formed by the same steps. 

[0223] The light-receiving element 600 is provided with a recessed portion 321 on 
the back surface 101b of the semiconductor substrate 101, and a light-propagating layer 630 is 
embedded in the recessed portion 321. That is, as shown in FIG. 22, the light-propagating 
layer 630 is formed between the semiconductor substrate 101 and the base member 610. The 
width and thickness of the light-propagating layer 630 can be controlled by adjusting the 
width and depth of the recessed portion 321. 

[0224] The light-propagating layer 630 is formed of a material that does not absorb 
light of a predetermined wavelength within a design waveband of the light-receiving element 
600. For example, if the light-receiving element 600 is actuated upon receiving light of 
wavelength of 850 nm, the light-propagating layer 630 is formed of a material that does not 
include the wavelength of 850 nm in its absorption waveband. Hence, light of wavelength of 
850 nm that enters through the light-receiving surface 608 is introduced to the light-absorbing 
layer 103 without being absorbed by the light-propagating layer 630. 

[0225] The light-receiving element 600 can be applied to, for example, cases which 
introduce light fi-om the back surface 101b of the substrate 101 into the light-absorbing layer 
103 when the absorption waveband of the substrate 101 includes the design waveband of the 
light-receiving element 600. 

[0226] Furthermore, as for the light-receiving element 600, the base member 610 is 
formed over the light-receiving surface 608 with the anti-reflective layer 605 interposed, and 
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the optical element 61 1 is formed on the top surface 610a of the base member 610. . As for the 
light-receiving element 600, the path length for the light that is introduced to the light- 
absorbing layer 103 can be adjusted by adjusting the thickness of the base member 610 and 
the light-propagating layer 630. That is, with respect to a particular incidence angle of an 
incident light, the curvature of the optical element 611, and the path length for the light that is 
introduced to the light-absorbing layer 103, can be independently controlled. Because of this, 
an optical design that introduces the light efficiently to the light-absorbing layer can be 
conducted with ease. 

[0227] 2. Operation of the Light-Receiving Element 

[0228] The operation of the light-receiving element 600 of the present exemplary 
embodiment is basically the same as that of the light-receiving element 500 of the fifth 
exemplary embodiment. As for the light-receiving element 600 of the present exemplary 
embodiment, because the light-propagating layer 630 is provided between the semiconductor 
substrate 101 and the base member 610, light that enters through the light-receiving surface 
608 is introduced to the light-absorbing layer 303 through the base member 610, the light- 
propagating layer 630, the semiconductor substrate 101 and the first conductive type layer 
102. Because all of the operations thereafter are the same as in the light-receiving elements 
of the first through fifth exemplary embodiments, detailed descriptions will be omitted. 
[0229] 3. Method to Manufacture the Light-Receiving Element 
[0230] The light-receiving element 600 of the present exemplary embodiment is 
formed by almost the same manufacturing steps as for the light-receiving element 500 of the 
fifth exemplary embodiment except that the first electrode 107 and second electrode 109 of 
the light-receiving element 600 are both formed above the semiconductor substrate 101, and 
that a recessed portion 321 is formed on the back surface 101b of the semiconductor substrate 
101 of the light-receiving element 600, and the light-propagating layer 630 is embedded in the 
recessed portion 321 of the light-receiving element 600. Accordingly, a detailed description 
will be omitted. 

[0231] To form the recessed portion 321, for example, the dry etching method, the 
wet etching method or a combination of the two can be employed. The method to be used to 
form the light-propagating layer 630 depends on the material used for it. When a resin 
material that is curable by the application of energy is used, the spin coating method, 
dispenser method, inkjet method or similar method can be employed to form the resin 
precursor inside the recessed portion 321, and the precursor is subsequently caused to cure. 
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[0232] 4. Actions and Effects 

[02331 The light-receiving element 600 of the present exemplary embodiment and 
its manufacturing method have substantially the same actions and effects as light-receiving 
element 100 of the first exemplary embodiment and its manufacturing method. Furthermore, 
the light-receiving element 600 of the present exemplary embodiment and its manufacturing 
method have the actions and effects described below. 

[0234] According to the light-receiving element 600 of the present exemplary 
embodiment, because the light-propagating layer 630 is formed between the semiconductor 
substrate 101 and the base member 610, the angle of radiation of the incident light can be 
controlled. That is, by appropriately selecting a material to form the light-propagating layer 
630, the refractive factor of the light-propagating layer 630 can be adjusted. 

[0235] Seventh Exemplary Embodiment 

[0236] 1 . Structure of the Light-Receiving Element 

[0237] FIG. 23 is a schematic cross sectional view showing a light-receiving 
element 700 according to a seventh exemplary embodiment of the present invention. FIG. 24 
shows the cross section on plane B - B in FIG. 24. As for the exemplary embodiment, the 
case where the light-receiving element is a photodiode, as in the first through sixth exemplary 
embodiments, will be described. Accordingly, as for the structural elements of the light- 
receiving element, which is similar to that of the light-receiving element 100 according to the 
first exemplary embodiment, same reference numerals have been given, and detailed 
description for them will be omitted. 

[0238] As shown in FIGs. 23 and 24, as for the light-receiving element 700 of the 
present exemplary embodiment, the first and second electrodes 107 and 109 are both set over 
the semiconductor substrate 101, 

[0239] Specifically, the first electrode 107 is formed from the top surface 130a of 
the columnar part 130 and to the top surface of the insulating layer 106, while a portion of the 
insulating layer 106 is eliminated so as to expose the semiconductor substrate 101, and the 
second electrode 109 is formed on the exposed top surface of the semiconductor substrate 
101. 

[0240] 2. Operation of the Light-Receiving Element 

[0241] Because the operation of the light-receiving element 700 according to the 
exemplary embodiment is similar to that of the light-receiving element 100 according to the 
first exemplary embodiment, a detailed description will be omitted. 
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[0242] 3. Method to Manufacture the Light-Receiving Element 
[0243] A manufacturing method of the Hght receiving element 700 according to the 
exemplary embodiment is similar to that of the light receiving element 100 according to the 
first exemplary embodiment except that its first electrode 107 and second electrode 109 are 
both formed over its semiconductor substrate, and that a portion of its insulating layer 106 is 
eliminated. Accordingly, a detailed description will be omitted. 
[0244] 4. Actions and Effects 

[0245] The light receiving element 700 according to the exemplary embodiment and 
its manufacturing method have substantially the same actions and effects as the light- 
receiving element 100 according to the first exemplary embodiment and its manufacturing 
method. Accordingly, a detailed description will be omitted. 

[0246] Eighth Exemplary Embodiment 

[0247] FIG. 25 is a schematic diagram showing an optical transmitting device 
according to a eighth exemplary embodiment of the present invention. An optical 
transmitting device 1 100 according to the exemplary embodiment includes the light-receiving 
element 100 according to the first exemplary embodiment, a light-emitting element 900, and 
light guides to propagate light emitted from the light-emitting element 900 and introducing 
the light to the light-receiving element 100. In addition, an optical module includes the light- 
receiving element 100 and the light guide (first light guide 1 130) to propagate light to be 
introduced to the light receiving element 100. 

[0248] According to the exemplary embodiment, a third light guide 1312 is 
arranged between a structure of the light-receiving element 100 part (including the light- 
receiving element 100, a platform 1 120, a first light guide 1 130, a second light guide 1318 
and an actuator 1 150) and a stmcture of the light emitting-element 900 part (including the 
Ught emitting element 900, a platform 1220, and third Hght guides 1230 and 1310). By using 
an optical fiber or the like for the third light guide 1312, the optical transmission between a 
plurality of electronic devices can be conducted. 

[0249] As for the optical transmitting device 1 100 according to the exemplary 
embodiment, after light emits from the Ught emitting element 900, the light propagates into 
the third light guides 1312, 1310 and 1230, the second light guide 1312 and the first light 
guide 1 130 and then is introduced to the light receiving element 100, 

[0250] For example, as show in FIG. 26, the optical transmitting device 1 100 
connects electronic devices 1 102, such as a computer, a display, a storage device and a printer 
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with each other. The electronic device 1 102 may be an information and communication 
device. The optical transmitting device 1 100 includes a cable 1 104 having the third light 
guide 1312 of an optical fiber or the like. As for the optical transmitting device 1 100, plugs 
1 106 may be provided at both ends of the cable 1 104. Within each of the plugs 1 106, the 
structures of the light-receiving element 100 part and the light-emitting element 900 part are 
provided. An electric signal output from one of the electronic devices 1 102 is converted into 
a light signal by the light-emitting element and the light signal is transmitted through the 
cable 1 104 to be converted to an electric signal by the light-receiving element. Then the 
electric signal is input to another electronic device 1 102. In this manner, according to the 
optical transmitting device 1 100 of the exemplary embodiment, information can be 
transmitted in light signal between the electronic devices 1 102. 

[0251] FIG. 27 shows a schematic for a usage of the optical transmitting device 
according to the exemplary embodiments of the present invention. An optical transmitting 
device 1112 provides a connection between electronic devices 1110. The electronic device 
1110 includes a liquid crystal display monitor or digital adaptive CRT (which may be used in 
finance, teleshopping, medical service, and education fields), a liquid crystal projector, a 
plasma display panel (PDF), a digital TV, a cash register in a retail store (for FOS (Point of 
Sale Scanning)), a video, a tuner, a game device, a printer, and the like. 

[0252] As for the exemplary embodiments (refer to FIGs. 25 through 27), even the 
case where the light receiving elements according to the second through seventh exemplary 
embodiments are used instead of the light receiving element 100 according to the first 
exemplary embodiment, similar actions and effects can be performed. 

[0253] That is, the present invention is not limited to the above-described 
exemplary embodiments and various modifications is made. For example, the present 
invention includes a substantially same structure (e.g. a stmcture having the same fimctions, 
methods and results or a structure having the same purpose and results) as those described in 
the exemplary embodiments. Furthermore, the present invention includes a structure obtained 
by replacing an unessential part in the structures described in the exemplary embodiments. 
Still fiirthermore, the present invention includes a structure having the same actions and 
effects or a structure capable of achieving the same purpose as those described in the 
exemplary embodiments. Still fiirthermore, the present invention includes a structure in 
which the publicly known art is added to the structures described in the exemplary 
embodiments. 
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[0254] For example, in the above-described exemplary embodiments, the p-type and 
n-type of each semiconductor layer may be counterchanged without departing from the intent 
of the present invention. Furthermore, as for the above-described exemplary embodiments, 
the light-receiving element having one columnar part are described, but providing a plurality 
of columnar parts on the substrate surface does not impair the exemplary embodiments of the 
present invention. Altematively, even if a plurality of light-receiving elements are arrayed, 
similar actions and effects can be achieved. 

[0255] Furthermore, in the above-described exemplary embodiments, for example, 
the cases using AlGaAs-based and InGaAs-based semiconductor materials are described, but 
other materials, for example. Si-based or GalnNAs-based semiconductor materials can be 
used in accordance with the wavelength of light absorbed in the light-absorbing layer. 



